In this work, inverted polymer:fullerene organic photovoltaic (OPV) cells with solution-processed zinc oxide (ZnO) as the electron collecting layer are investigated. ZnO films are prepared simply by the spin-casting of a zinc acetate dehydrate precursor solution, followed by sintering under ambient conditions. The performance of the fabricated inverted OPV cells shows a clear dependence on precursor concentration and sintering conditions. With the ZnO film derived from a sol-gel concentration of 0.1 M and sintered at 350 C for 10 min, the inverted OPV cell shows optimum performance. #
Introduction
Photovoltaic cells based on organic materials (OPV cells) are of tremendous interest because of their attractive properties such as mechanical flexibility, ease of fabrication, compatibility with roll-to-roll manufacturing, low material and energy budget. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] By using a bulk heterojunction structure where a bicontinuous interpenetrating network can be formed for effective exciton dissociation and carrier transport, the performance of OPV cells has improved steadily in the last ten years. Devices based on the widely used poly(3-hexylthiophene-2,5-diyl): [6, 6] -phenyl C 61 butyric acid methyl ester (P3HT:PCBM) have achieved a power conversion efficiency (PCE) of over 5%. 6, 8) In the conventional structure of an OPV cell, a layer of poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is usually used to modify the transparent indium-tin-oxide (ITO) electrode for convenient hole collection. [6] [7] [8] [9] [10] However, owing to the strong acidic nature of PEDOT:PSS, the degradation of the ITO/PDEOT:PSS interface is inevitable. 11, 12) Furthermore, widely used low-work-function metal cathodes such as Al in conventional OPV cells are airsensitive. The exposure of an Al cathode to air can cause its oxidation and the degradation of the active layer owing to the diffusion of oxygen and moisture through pinholes and grain boundaries of the metal cathode. [12] [13] [14] To overcome these problems, one approach is to use an inverted structure. [12] [13] [14] [15] [16] [17] [18] [19] By modifying the polarity of ITO with an n-type functional buffer layer and using a less air-sensitive high-work-function metal (Ag, Au), electrons and holes can be effectively collected using the ITO electrode and metal electrode, respectively. In this type of structure, the elimination of acidic PEDOT:PSS and the prevention of air and moisture diffusion from the high-work-function metal top electrode can effectively improve device stability. 13, 18, 19) In addition, it has been reported that there is a higher concentration of PCBM on the ITO side and a higher concentration of P3HT on the metal electrode in an active layer. Such a vertical concentration distribution of donors and acceptors is more favorable for an inverted structure. 12, 15) Therefore, inverted OPV cells have received increasing research attention recently. [12] [13] [14] [15] [16] [17] [18] [19] In an inverted OPV cell, it is important to determine the appropriate energy level of the collecting electrode to match the active layer. Thus, various materials for modifying the polarity of ITO have been proposed. [12] [13] [14] [15] [16] [17] [18] For example, by using cesium carbonate (Cs 2 CO 3 ), the inverted OPV cell has shown promising performance. 17) However, the easy deliquescence of Cs 2 CO 3 severely affects the long-term storage and function of OPV cells. 18) Therefore, air-stable titanium oxide (TiO 2 , TiO x ) and zinc oxide (ZnO) attracted more attention in recent studies. [12] [13] [14] [15] 18, 19) Compared with titanium oxide, ZnO have a high electron mobility, which makes it an ideal electron selective contact layer in inverted OPV cells. 12, 13) ZnO can be obtained by atomic layer deposition (ALD), which has been used in inverted OPV cells. 12) However, ALD is a very expensive technology. The introduction of ZnO deposited by ALD will greatly increase the device fabrication cost. Thus, solution-processed ZnO is more favorable because of its very low cost and compatibility with solution-processed OPV cells. In this work, a systematic study of the inverted OPV cell with a solutionprocessed ZnO electron selective layer is demonstrated. ZnO films are obtained simply by the spin-coating of a precursor solution, followed by sintering under ambient conditions. It is shown that the concentration of the ZnO precursor solution and sintering temperature markedly affect the performance of inverted OPV cells. By optimizing these factors, the fabricated inverted OPV cells show promising performance.
Experimental Procedure
The procedure for producing the ZnO precursor solution was OH] (99+% Sigma-Aldrich) was added to the solution as a sol stabilizer. Then, the solution was heated to 80 C and magnetically stirred for more than 20 h for thorough mixing.
Figure 1(a) shows the layer structure of our inverted OPV cells. The device fabrication process was as follows: ITOcoated glass substrates were first cleaned sequentially with detergent, deionized water, acetone, and isopropanol in an ultrasonic bath for about 15 min. Then the ZnO precursor solution was spin-cast on top of the ITO surface, followed by sintering under ambient conditions. The coating step was repeated a few times to control the thickness at approximately 110 nm. Then the substrates were transferred into a glove box to spin-cast the photoactive layer. P3HT:PCBM solution in 1,2-dichlorobenzene in a weight ratio of 1 : 0:8 was then spin-coated on the ZnO buffer layer in the glove box to form a 100-nm-thick blend layer. 10-nm-thick MoO 3 and 80-nm-thick Ag layers were further thermally evaporated through a shadow mask at a base pressure of 2 Â 10 À4 Pa. Finally, the finished devices were post annealed in nitrogen. The current-voltage (J-V ) characteristics were measured using a Keithley 2400 source-measure unit under AM 1.5 solar illumination at an intensity of 100 mW/cm 2 , calibrated by a Thorlabs optical power meter.
Results and Discussion
As shown in Fig. 1(b) , the inverted OPV cells have the following configuration: ITO/ZnO/P3HT:PCBM/MoO 3 / Ag. The lowest unoccupied molecular orbital (LUMO) level of ZnO is À4:2 eV and the highest occupied molecular orbital (HOMO) level of ZnO is À7:5 eV. This suggests that electrons from PCBM (the LUMO of PCBM is À3:7 eV) can be injected into ZnO, while holes from P3HT can be effectively blocked. Similarly, the MoO 3 layer can aid in the hole transport to the anode and block the electron flow because of its small electron affinity.
Clear PV effects are observed for the devices with this inverted structure configuration as shown in Fig. 2 . It is well known that OPV cells based on P3HT:PCBM should be annealed in order to achieve good device performance. [3] [4] [5] [6] [7] [8] [9] [10] Thus, the optimization of the device annealing process is firstly carried out. By using ZnO films derived from the sol concentration of 0.1 M and sintered at 300 C for 10 min, the finished devices were post annealed at different temperatures in nitrogen. Figure 2 shows the results. With an increase in the annealing temperature, J SC is enhanced from 8.11 mA/cm 2 at 130 C to 8.55 mA/cm 2 at 150 C, and then reduced to 8.32 mA/cm 2 at 160 C. The change in J SC leads to a variation in PCE. As is known, the main roles of annealing are to induce the redistribution of PCBM [20] [21] [22] and to enhance the crystallization of P3HT, so that bicontinuous interpenetrating networks are achieved and the optical absorption capability is enhanced. However, a very fast PCBM diffusion will lead to the formation of very large PCBM aggregates and thus destroy the optimal bicontinuous interpenetrating networks if the annealing temperature is too high. 23, 24) Thus an optimum temperature is necessary. As shown in Fig. 2 , the optimum temperature is 150 C. At this temperature, PCE achieves its maximum of 2.51%.
By using the optimized post annealing temperature, the effects of the ZnO sol-gel solution concentration on device performance were investigated. For all the devices, the ZnO films were obtained by sintering at 300 C for 10 min in air. Figures 3(a) and 3(b) show the measured J-V characteristics of the inverted OPV cells under illumination and in the dark, respectively. The corresponding extracted parameters are summarized in Table I and FF begin to increase. The device using the ZnO film obtained from a sol concentration of 0.1 M shows the best performance with J SC ¼ 8:55 mA/cm 2 , FF ¼ 49:0%, and PCE ¼ 2:51%. As shown in Table I , the corresponding series resistance (R s ) is also reduced from 9.47 to 2.58 cm 2 when the sol concentration is decreased from 0.3 to 0.1 M. The enhancement of device performance is a result of improved ZnO film quality. A previous study 14) has shown that when the sol concentration increases, the amount of solute particles increases in the solution, thereby increasing the probability of solute particles clustering together to form larger grains. When there is a low sol concentration, a film with small nanosized ZnO colloids and small grain sizes can be obtained. This type of film has a better quality.
14) The improved quality of the ZnO films obtained from a low sol concentration can be confirmed from the dark J-V curves of the inverted OPV cells. As shown in Fig. 3(b) , owing to the improved ZnO quality, there is a lower reverse current and a better rectifying property for the device using the low sol concentration. The improved ZnO film quality decreases R s and thus improves device performance.
As discussed above, a low sol concentration should lead to a better ZnO quality and thus improve device performance. However, for a lower sol concentration of 0.05 M, R s slightly increases from 2.58 to 2.93 cm 2 compared with that of 0.1 M, as shown in Table I . The corresponding J SC and PCE are also reduced to J SC ¼ 8:05 mA/cm 2 and PCE ¼ 2:22%, respectively. In fact, the R s of the ZnO film consists of two parts. One part is the resistance of the film and the other part is the contact resistance between the ZnO film and other layers. A low sol concentration not only increases the ZnO film quality but also decreases the film surface roughness. 14) This will lead to the reduction in the overall contact area between the ITO/ZnO electrode and the active layer, or the reduction in the electrode collection area. This explains why the device performance first improves and then degrades with a decrease in the sol concentration. When the sol concentration begins to reach low levels, the reduced resistance of the ZnO film due to the improvement in the film quality firstly plays a dominant role. Thus, the overall R s is reduced and device performance is improved. However, when the sol concentration is lower than a certain value, the reduction in the collection area becomes important and thus the contact resistance between the ZnO film and the active layer is increased. This is why R s is slightly increased and the performance is decreased for the device with the ZnO film derived from a sol concentration of 0.05 M compared with that of 0.1 M.
By using the sol concentration of 0.1 M, the effects of the ZnO sintering conditions on device performance are investigated. Figures 4(a) and 4(b) 13) However, when the ZnO sintering temperature is further increased to 400 C, device performance degrades and only shows V OC ¼ 0:585 V, J SC ¼ 8:19 mA/cm 2 , FF ¼ 48:0%, and PCE ¼ 2:30%. The decreased device performance is induced by the degradation of the electrical properties of the ITO electrode. As is well known, a very high temperature can make the ITO material unstable and increase its resistance. This is why R s is increased from 2.12 cm 2 with the sintering at 350 C to 4.21 cm 2 with the sintering at 400 C. A long sintering time can also lead to the degradation of electrical properties of the ITO electrode. As is shown in Fig. 4(b) , by sintering the ZnO film at 350 C for 1 h, the R s of the inverted OPV cell increases to Table I . Summary of the parameters extracted from the J-V curves shown in Fig. 3(a) . C for 10 min, the inverted OPV cell shows optimized performance with a PCE of 2.82%, which is comparable to that of our previous reported conventional device.
7)

Conclusions
We have demonstrated inverted OPV cells with solutionprocessed ZnO as the electron-selective contact. ZnO films are obtained simply by the spin-coating of a precursor solution, followed by sintering under ambient conditions. It has been shown that the performance of the inverted OPV cell greatly depends on the concentration of the ZnO precursor solution and sintering temperature. By using the ZnO-electron selective layer derived from a sol concentration of 0.1 M and sintered at 350 C for 10 min, the inverted OPV cell shows optimized performance with V OC ¼ 0:613 V, J SC ¼ 8:64 mA/cm 2 , FF ¼ 53:2%, and PCE ¼ 2:82%. 
